The possible role of quinones in the electron transport system of A erobacter aerogenes was investigated. The only quinone found in measurable amounts in bacteria grown in minimal media under both aerobic and anaerobic conditions was ubiquinone-8. Membrane-bound ubiquinone-8 could be removed by extraction with pentane, or destroyed by ultraviolet irradiation, with a concomitant loss of both reduced nicotinamide adenine dinucleotide (NADH) oxidase and NADH-linked respiratory nitrate reductase activity. In the extracted membrane preparations, these enzymatic activities could be restored, both to the same degree, by incorporation of ubiquinone-6, -8, or Recent studies have led to the conclusion that quinones are involved in bacterial electron transport systems (2-5, 8, 10, 14). However, contradictory reports have appeared concerning the nature and the content of quinones in various bacteria as a function of the growth conditions. For example, studies on the effects of aerobiosis and anaerobiosis on the concentrations of ubiquinone and menaquinone in members of the Enterobacteriaceae have yielded varying results (1, 12, 18) . Nevertheless, the results permit the general conclusion that these bacteria, when grown under aerobic conditions, contain high concentrations of ubiquinone and low concentrations of menaquinone, whereas anaerobic conditions favor the formation of menaquinone (12, 18).
Recent studies have led to the conclusion that quinones are involved in bacterial electron transport systems (2-5, 8, 10, 14) . However, contradictory reports have appeared concerning the nature and the content of quinones in various bacteria as a function of the growth conditions. For example, studies on the effects of aerobiosis and anaerobiosis on the concentrations of ubiquinone and menaquinone in members of the Enterobacteriaceae have yielded varying results (1, 12, 18) . Nevertheless, the results permit the general conclusion that these bacteria, when grown under aerobic conditions, contain high concentrations of ubiquinone and low concentrations of menaquinone, whereas anaerobic conditions favor the formation of menaquinone (12, 18) .
The enteric bacterium Aerobacter aerogenes can use nitrate as a terminal electron acceptor under anaerobic conditions (7, 9, 17) , but it is unknown whether quinones are involved in this anaerobic respiration process. Although it has been reported that A. aerogenes grown aerobically showed a high level of ubiquinone (1, 18) , no data are available on the quinone composition of this organism grown under anaerobic conditions. In this communication data will be presented showing that A. aerogenes contains ubiquinone-8 as its sole quinone under both aerobic and anaerobic conditions of growth and that this quinone functions in the electron transport from reduced nicotinamide adenine dinucleotide (NADH) to oxygen and in the NADH-linked nitrate respiration process.
MATERIALS AND METHODS
Organism and growth conditions. A. aerogenes strain S 45 and the growth of this organism on the various media (the minimal nitrate medium, the minimal nitrate plus NH4+ medium, and the minimal NH4+ medium) were described before (17) . To obtain bacteria with a high level of NADH-linked respiratory nitrate reductase activity, as used in comparative studies on the electron transport to nitrate and oxygen, the growth conditions were as follows. A culture, grown aerobically for 16 hr in minimal nitrate plus NH4+ medium, was centrifuged, and the sediment was resuspended in fresh medium of the same composition to a cell density corresponding to 40 mg (dry weight) per liter and then incubated anaerobically. After the cell density had trebled, the bacteria were harvested and washed as described previously (17) .
Preparation of the membrane fraction. A cell-free extract was prepared by sonic disintegration of the bacteria as described by Van' t Riet et al. (17) . The membrane fraction was collected after centrifugation of the extract at 120,000 x g for 1 hr and washed twice with cold 0.065 M phosphate buffer (pH 7.0). Before use the membrane pellet was resuspended in 0.065 M phosphate buffer (pH 7.0).
Extraction, fractionation, and characterization of quinones. The bacteria were lyophilized, and 5 g of the dry material was twice extracted with 125 ml of boiling KNOOK AND PLANTA isooctane in a Soxhiet apparatus for a total of 16 hr. The clear extract was dried in a rotatory vacuum evaporator. Preliminary fractionation of the extracted lipid was carried out on a column of Brockmann grade Ill acid-washed alumina (M. Woelm, Eschwege, Germany; anionotropic) developed by stepwise elution with successively 0, 2, 4, and 6% (v/v) solutions of diethylether in light petroleum (boiling point 40 to 60 C) as described in detail by Bishop et al. (1) . Under these conditions, menaquinones are found in the 2% ether fraction and ubiquinones in the 4% ether fraction, as was demonstrated in separate experiments with reference compounds. The chromatographic fractions were dried and dissolved in a suitable solvent, and the ultraviolet absorption spectrum was determined in a Unicam SP.800 recording spectrophotometer. The quinones were purified by thin-layer chromatography on Silica Gel G (E. Merck, Darmstadt, Germany) plates impregnated with Rhodamine 6G, with benzene as developing solvent. After development of the plates, the quinone spots were located under ultraviolet fight and quickly scraped off into ether (16) . The lengths of the isoprenoid side chains of the isolated quinones were determined by reversedphase thin-layer chromatography on Silica Gel G plates impregnated with a 10% (v/v) paraffin solution in light petroleum (boiling point 60 to 80 C), using reference compounds of known chain length. The plates were developed with the solvent system acetone-water (9:1, v/v). The ubiquinones and menaquinones were located and identified as described by Spiller et al. (13) , and Whistance et al. (18) , with ubiquinone-6, -8, -9, and -10 (Q-6, Q-8, etc.) and menaquinone-2, -4, -5, and -9 (MK-2, MK-4, etc.) as references.
Preparation of quinone-depleted membranes. Quinones were extracted from membranes as described for mitochondria by Szarkowska (15) . Lyophilized membranes (300 mg dry weight) were suspended in 70 ml of n-pentane by gentle homogenization for 5 min, and the suspension was swirled at 4 C for 15 min. By this method, both ubiquinone (14) and menaquinone (10) are extracted from bacterial membranes. The pentaneextracted membranes were removed by centrifugation, and the extract was retained for the assay of quinones. The extraction was repeated until no ultraviolet-absorbing material was detected in the extract. The quinone-depleted membranes were dried under a constant stream of N2.
Preparation of quinone-incorporated membranes. Ubiquinone was incorporated into the quinone-depleted membranes by the method of Ernster et al. (6) described for submitochondrial particles. With the aid of an all-glass Potter-Elvehjem homogenizer, the ubiquinone-depleted membranes (25 to 30 mg dry weight) were resuspended in 2 ml of n-pentane containing ubiquinone (at a final concentration varying from 0.10 to 1.20 mm, see Table 1 ). The excess amount of quinone was removed by centrifugation, and the restored membranes were dried and stored at 4 C. Before use these membranes were resuspended in a small volume (I to 2 ml) of 0.065 M phosphate buffer (pH 7.0). The same method was employed to incorporate menaquinones in quinone-depleted membranes.
Assays. NADH oxidase activity was determined by recording the decrease in absorbancy at 340 nm in a Unicam SP.800 spectrophotometer at 30 C. To open absorption cells (optical length I cm) was added 2.7 ml of 0.065 M phosphate buffer (pH 7.0) and 0.2 ml of a membrane suspension (0.3 to 0.4 mg of protein). After preincubation at 30 C for 15 min, the reaction was started by adding 0.1 ml of 6 mm NADH in 0.065 M phosphate buffer (pH 7.0). The specific activity of the NADH oxidase was expressed as nanomoles of NADH oxidized per minute per milligram of protein.
NADH-linked respiratory nitrate reductase activity was measured by recording the decrease in NADH concentration under anaerobic conditions but in the presence of nitrate. The assay was carried out at 30 C in Thunberg absorption cells. At the beginning, the main compartment (optical length I cm) contained 2.6 ml of 0.065 M phosphate buffer (pH 7.0) and 0.2 ml of a membrane preparation (0.3 to 0.4 mg of protein), one side arm contained 0.1 ml of 6 mm NADH and the other 0.1 ml of 20 mM KNO,. During a 15-min period of thermal equilibration at 30 C, the absorption cells were flushed with pure argon gas. After first tipping in the NADH solution from one side arm, it was verified that no NADH oxidation occurred yet. The reaction was initiated by addition of KNO3 solution from the other side arm. The specific activity of the respiratory nitrate reductase was expressed as nanomoles of NADH oxidized per minute per milligram of protein.
Oxygen uptake was measured at 30 C by using a Hagihara-type oxygen electrode (Yanagimoto M FG, Kyoto, Japan). The reaction mixture consisted of 1.8 ml of 0.065 M phosphate buffer (pH 7.0), 0.2 ml of a membrane suspension (0.3 to 0.4 mg of protein), and 0.2 ml of 10 mM NADH.
Nitrite production was determined as described by Van Table 2) .
Effect of electron transport inhibitors on NADH oxidase and nitrate reductase activities. The effect of inhibitors which act as antagonists of naturally occurring quinones may provide further evidence for a possible participation of quinones in the electron transport to oxygen and nitrate in A. aerogenes. To this end the inhibitors lapachol and dicoumarol were used. The influence of these inhibitors and of KCN are presented in Table 2 . Lapachol, dicoumarol, and KCN inhibited both NADH oxidase and NADHlinked respiratory nitrate reductase activity, but dicoumarol inhibited the nitrate reductase activity to a significantly higher extent than the NADH oxidase system. The electron transport from NADH to oxygen and from NADH to nitrate was inhibited by lapachol to nearly the same extent.
Effect of ultraviolet irradiation of membranes. Membranes from cells with a high specific respiratory nitrate reductase activity were prepared. Irradiation of these membranes with ultraviolet light resulted in a drastic inhibition of the NADH oxidase and the NADH-linked respiratory nitrate reductase activities. The time course of inactivation was exponential and coincident for the two enzymatic activities (Fig. 1) .
As shown in Table 3 , the addition of either ubiquinone (Q-6, -8, -9, and -10) or menaquinone (MK-5 and MK-9) to the irradiated membranes did not result in any reactivation of the two enzyme systems. Only menadione (at a final concentration of 80 Mm) stimulated the activity of both NADH oxidase and nitrate reductase in irradiated membranes to 60% of the activity of untreated control membranes. However, this increase in the enzymatic activities appeared to be The lack of restoration of electron transport in ultraviolet-irradiated membranes by addition of quinones, as contrasted with restoration of electron transport in quinone-depleted membranes by ubiquinone incorporation (see previous section), might be caused primarily by sticking of the modified quinone in the irradiated membranes, thus preventing the incorporation of newly added quinone. Therefore, the irradiated membranes aMembrane suspensions were irradiated with ultraviolet light for 60 min as described under Fig. 1 .
Quinones were added as an ethanolic solution (0.1 ml) to the reaction mixture 15 min before the addition of substrate.
c Expressed as nanomoles of NADH oxidized per minute per milligram of protein.
were extracted with pentane, and subsequently reincorporation of ubiquinone-8 was attempted as described in the preceding section. A restoration of the enzymatic activities up to a value about twice that of the residual activities in the irradiated membranes was now obtained. This approach has so far been applied only for ubiquinone-8, but it seems justified to assume that other quinones will give similar results (see Table 2 ).
Comparison of the electron transport from NADH to oxygen with that from NADH to nitrate. The electron transport systems from NADH to oxygen and from NADH to nitrate may overlap to some extent (Table 4 ). In membranes isolated from A. aerogenes grown anaerobically on minimal nitrate plus NH4+ and induced for respiratory nitrate reductase, NADH oxidation in the presence of oxygen and nitrate was about 10% lower than the sum of the two activities measured separately. Thus the two activities are not completely additive. Furthermore, Table 4 shows that oxygen consumption with NADH as substrate was decreased in the presence of nitrate by about 15%. It was established that low concentrations of nitrite (0.10 to 0.40 mM) had no effect on oxygen consumption.
DISCUSSION
The data presented show that ubiquinone-8 is the only quinone present in A. aerogenes, grown either aerobically or anaerobically on various media. The absence of measurable amounts of menaquinone in A. aerogenes, grown in aerobic cultures, is in agreement with the results of Bishop et al. (1) . However, the absence of menaquinone in A. aerogenes grown anaerobically on different minimal media is an unexpected observation, because all other enteric bacteria so far examined contain relatively high concentrations of menaquinone when grown anaerobically on complex media (18) . The failure of various menaquinones to restore the NADH oxidase and tochrome b1 is also a common carrier in the electron transport chain to oxygen and in that to nitrate. The suggestion that the two electron transport systems have indeed a number of carriers in common, including ubiquinone-8 and cytochrome b1, can also be derived from the experiments presented in Table 4 . The data show that the rate of electron transport in the simultaneous presence of the two terminal electron acceptors, i.e., nitrate and oxygen, is lower than the sum of the rates of electron transport found with the two acceptors separately. Thus, under appropriate conditions, nitrate and oxygen compete to some extent for the electrons. Probably branching of the electron transport system occurs at or after the cytochrome b1 site. Further studies now in progress are needed to reveal the composition and function of this branched part of the electron transport system, including the role of cytochromes al, a2, and o.
